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ABSTRACT

In the theoretical analysis presented herein a formula is 
developed for approximating the spectral distribution of thick 
target bremsstrahlung. The approximate consideration is that 
the thick target spectrum is considered to be the sum of the 
contributions from a series of thin targets, one behind the 
other, bombarded by electrons of decreasing energy. Within 
each thin target the electron is allowed to scatter according 
to the Goudsmit-Saunderson electron scattering theory and the 
bremsstrahlung production at each scattering is predicted by 
the Bethe-Heitler Bremsstrahlung theory. Comparisons are made 
between results predicted by the approximate formula and 
experimental data for aluminum and iron thick targets. On the 
whole the agreement is reasonably good.
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SUMMARY

A theoretical analysis which includes multiple electron 
scattering as described by a random-walk procedure is presented 
for predicting the spectrum of bremsstrahlung produced at angles 
relative to a monoenergetic flux of electrons of normal incidence 
on thick targets. The approximate assumption is made that the 
spectral and angular distribution of radiation leaving a thick 
target can be considered as the sum of the contributions from a 
series of thin targets, one behind the other, bombarded by electrons 
of continuously decreasing energy and a superposition of several 
complex processes. These processes are (l) radiation of electrons 
in thin targets as predicted by the Bethe-Heltler theory; (2) 
electron penetration into a medium which includes: (a) multiple
electron scattering as predicted by Goudsmit-Saunderson theory,
(b) electron backscatter out of the target, (c) nonlinear electron 
energy losses, and (d) electron-electron bremsstrahlung; (3) the 
absorption and buildup of photons in the target and (U) a first- 
approximation correction to the thick target spectrum to account 
for the inaccuracy of the Bethe-Heitler theory. Comparisons are 
made between the calculated results and experimental data for 
aluminum and iron targets. On the whole the agreement is reasonably 
good.
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INTRODUCTION

Electrons that exist In the radiation belt (see, for example,
ref. 1) surrounding the earth present a radiation hazard to man
and equipment in 6pace explorations. This hazard to manned space

*
vehicles from electrons exists primarily in the form of penetrating 
secondary radiation that is produced by the energy degradation of 
electrons in the space-vehicle vail. The radiation, designated as 
bremsstrahlung, results from collisions of the incoming electrons 
vith the charged particles (atoms, nuclei, or electrons) of which 
the vehicle wall is composed.

A vehicle wall can be treated as a so-called thin target if 
the incident electron, while traversing the wall, has only one 
radiative collision, suffers no significant elastic deflection, 
and loses no appreciable energy by ionization. However, in practice, 
this is seldom the case. Generally a space vehicle wall will be 
representative of a thick target, that.is, the wall will be of such 
a thickness that the majority of the incident electrons will lose 
sufficient energy to be stopped. For this case, the description 
of the bremsstrahlung field behind the target is a problem of long 
standing, complicated by multiple electron scattering, electron energy 
losses, photon absorption, and shower production which prohibits a 
rigorous solution for the angular distribution of bremsstrahlung 
from completely stopped electrons.
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Previous estimates of the bremsstrahlung spectra from thick 
targets for electrons with energies of the order of the rest mass- 
energy (0*511 MeV) have depended upon the theory developed by 
Kramer (see ref. 2). However, the validity of Kramer's theory is 
limited in that (a) the theory estimates the photon energy distri
bution integrated over all directions of the emitted photons and, 
(b) the theory is nonrelativistic. Estimates have also been made 
by Wilson (ref. 3) > the author (ref. k), and others but these 
results are also in the form of an average over the direction of 
photon emission and no attempt is made to account for multiple 
electron scattering within the target.

The significance of the theoretical analysis presented is 
to be two-fold. First, the analysis is intended to provide a 
basis formula for approximating, with a reasonable degree of 
accuracy, the spectral distribution of thick target bremsstrahlung. 
This application is important for shielding studies since 
experimental data are scarce and there is a need for theoretical 
data over a wide electron energy and material range. Secondly, 
the data presented are complementary to thick target brems
strahlung experiments.

The computational procedure for computing the bremsstrahlung 
spectra is programed in the FORTRAN (FORmula TRANslation) IV 
language for the IBM 709^ electronic data processing system at the 
Langley Research Center.

3



CHAPTER I 

THEORY OP THICK TARGET ANALYSIS

For a monoenergetic, monodirectional beam of electrons 
incident on a thick target, a Random-Walk computer program 
for the analysis of thick target bremsstrahlung has been gener
ated to take into account various aspects of electron penetration 
and diffusion: angular deflection, energy losses, spatial
propagation, and the radiative process at scattering. For 
charged particles (in this case electrons) the large number of 
interactions (running into the ten thousands), which an electron 
may undergo in a thick target, makes it, necessary to resort to a 
sophisticated scheme in which many successive collisions are 
grouped into a single step of an artificial random walk. The 
transition probabilities for the random walk are then obtained 
from pertinent analytical multiple electron scattering distri
butions governing angular deflections and energy losses.

The random walk scheme must provide, for each step of the 
random walk, a rule for selecting an energy loss increment,

displacement >
possible, which differ with regard to the theoretical input and

direction from

k



the necessary amount of computing time* The rules according to 
which the random walk is sampled in the work presented herein 
have been described in some detail in reference 5*

For this analysis a so-called continuous slowing-down 
approximation is used to select a constant electron energy loss 
increment AE = E^ - Ei+ ;̂ for example, as previously stated, 
the thick target can be subdivided into thin targets in which 
there will occur an electron energy loss AE in each. Consider 
a target whose thickness corresponds to the residual range of 
a 1 MeV electron (approximately 0.5 gm/cm of aluminum). The 
arbitrary selection can be made to subdivide the target into 
20 thin targets. Each subdivision will thus correspond to an 
energy loss of 0.05 MeV.

The path length t^ in each thin target is a function of 
the energy loss increment according to the following relation

where dE/dt is the energy loss per cm path length in the target. 
This energy loss mechanism will be discussed in more detail in a 
later section of this report.

A simplifying assumption is to be made in the case of the 
spatial displacement, Jr̂  - r^+^|. Essentially the spatial 
parameter r is reduced from three dimensions to only one dimension; 
for example, the spatial position of the electron is considered to

a)
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be along the projected path of the initially incident electron at 
all times and no lateral deflection in position is to be considered 
at each scattering. This is a reasonable assumption in that the 
total path length of the electron vithin the target is itself 
relatively small in comparison with the distance between the target 
and detector position. Thus only a change of direction from

strahlung spectrum*
The present analysis of the sampling of data differs from the

trajectories (called case histories), starting each electron with 
initial energy Eq and following it until it comes to rest. Along 
each of the electron trajectories the change in the polar angles,

technique and having chosen the polar angles the result is then 
multiplied by the appropriate scattering probability as predicted 
by one of the many multiple scattering theories. It is in this

the usual random walk method. Within each thin target there will 
be no arbitrariness in the selection of scattering angles other 
than the arbitrariness in the total number of scatterings that will 
be allowed within each thin target. In other words, the electron 
will be forced to assume predetermined or preset directions 
(different combinations of polar angles) within each thin target 
and the appropriate probability for the electrons being scattered

is considered to influence the brems -

usual random-walk method which consists of sampling many electron

at each scattering is chosen by some arbitrary (unweighted)

particular sense of scoring that the present analysis differs from



at each set of polar angles vill be determined by Goudsmlt- 
Saunderson theory.

In summary of the above discussion, it can be said that the 
electron is presumed to be normally incident on the first of a 
series of thin targets with energy Eq* The bremsstrahlung 
production in the thin target for this particular angle of incidence, 
electron energy, and detector geometry is then calculated. The. 
electron direction is then changed and the bremsstrahlung production 
is again determined for the given parameters. The changing of 
electron direction and the calculation of bremsstrahlung production 
is continued until all of the predetermined angles have been assumed. 
The electron is then considered to be entering into the second 
thin target with an energy of Eq - AE. The above procedure of 
changing the angles and calculating the bremsstrahlung production 
is again repeated. The above sequence of events (random-walk steps) 
is continued until the electron has been brought to rest, that is, 
the electron energy reduced to zero. The thick target spectrum is 
then considered to be the sum of the radiation contributions from 
each thin target.

The complex processes of electron penetration, diffusion and 
radiation will now be discussed in a more detailed manner prior to 
deriving a fomula for approximating the bremsstrahlung spectrum.

7



CHAPTER II

RADIATION IN THIN TARGETS

In passing through the field of a nucleus (or atom) an electron 
with energy E is, in general, deflected. Since this deflection 
always results in an acceleration, there will be a certain probability 
that a light quantum (photon) of energy k is emitted with the 
electron making a transition to another state with residual energy 
E', where

E = B' + k + E (2)
<1

This interaction is shown in sketch 1 below.

Photon (k)

Scattering center recoil (E ,q')

Incident electron (E,p)

Residual electron (E',p')

Sketch 1.— Radiative Interaction
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In the radiative interaction, shown in sketch 1, the initial momentum 
of the incident electron becomes shared among three bodies: the
residual electron, the scattering center, and the emitted photon. 
Therefore, the photon can have any momentum and the corresponding 
energy up to the energy of the incident electron. However, for the 
radiative interaction of moderate-energy electrons, momentum is 
substantially conserved between the scattering center and deflected 
electron, and only a very small amount of momentum Is carried away 
by the photon.

The major part of the quantum-mechanical theory for predicting 
thin-target bremsstrahlung differential cross-sections has been 
obtained through the use of the Born approximation technique which 
is essentially first-order perturbation theory. As a first approxi
mation the atom is considered as stripped, consisting only of the 
nucleus. This is a good approximation provided

< < 1 (3)o
and

<<1 00

where vQ, v represent the electron velocity before and after the 
collision. For light elements equations (3) and (U) are always 
satisfied if the primary electron moves with relativistic speeds, 
except in a small frequency range (called high frequency limit)

9



where the electron has given nearly all its kinetic energy to the 
light quantum, and after the process, has therefore a small velocity.

The bremsstrahlung cross-section derived for a stripped, 
infinitely heavy atom using the Born approximation is known as the 
Bethe-Heitler formula (see ref. 6). This formula can be expressed 
as a differential with respect to two parameters which are the 
photon energy k and the solid angle Q as shown by equation (5)• 
(See eq. (2 BN) of ref. 7*)

d2 n
Z r p dk 
  -----dti {
8*137 P k

8 sin2 9 (2E2 + l)o v o * 
 -------P A ■ o o

2(5^ + 2EE + 3} 2{p2 - k2} *-E
2  A 2P A o o

2 2 
Q Ao P2 & *0 o

+ L
kE sin2 0 f3k - p2 E% ^E2 {E + E2} o o \  o / . 0 ^ 0  '
---------- 2TTf---------- + “P A •*0 o 2  A 2P A o o

2 - 2{7E2 - 3EBq + E2) 2k (eP + EEq - l}
2  A 2P Ao o p 2 aO O

^ 6k 2k(p2 - k2̂
A2 A o o Q2 A„

(5)
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where

2 In EEq - 1 +  ppq 
EEo - i - ppQ (5a)

€ = ino .

E + p o o
E - p o :o

(5b)

and
€ = In E + p

E - p
(5c)

>-CK<C

Equation (5) represents the probability that a photon whose 
energy lies between the limits (k) and (k + dk) shall be emitted 
within a differential solid angle (dft), oriented (0Q) with respect 
to the direction of motion of the incident electron when an electron 
of total energy Eq collides with a thin target of atomic number Z. 
This collision geometry is shown in sketch 2 for an electron 
approaching the origin along a positive Z^ direction with momentum 
Pq and colliding with a thin target which is considered to lie in
the x-y plane, perpendicular to the electron direction.

11



r

Photon k

Thin target

o
Incident electron 

Sketch 2.- Collision geometry
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Various corrections are known to exist for the cross-section 
formula given by equation (5). These corrections may be classified 
according to three types: (l) coulomb corrections, (2) screening
corrections, and (3) high-frequency limit corrections* In each 
case, the correction is restricted to a particular energy region. 
This restriction on the energy region is unfortunate because, in the 
region of interest, roughly 0.1 to 2.0 MeV (intermediate energies), 
coulomb corrections are not available in analytical form; and 
empirical corrections cannot be determined in enough detail from 
the available data to cover the entire energy range. Since 
screening effects are most important for nonrelativistic or extreme 
relativistic electron kinetic energies, no screening correction 
will be made to the cross-section.

The problem of a high-frequency correction, that is, 
the problem of correcting the cross-section for its apparent error 
with increasing photon energy, will be dealt with in chapter VII 
of this report.

Equation (5) has been evaluated by the author (ref. U) for a 
wide range of electron energies and for 0Q equal to o°, 30°, 60°, 
and 90°. One such spectrum from reference U is presented in fig
ure 1 for a 1 MeV electron. For convenience the curve has been 
made independent of the atomic number Z and the cross-section is 
for a unit, monoenergetic electron flux. It should be noted that 
the radiation intensity is peaked in the forward direction.

13



CHAPTER III

ELECTRON PENETRATION INTO A TARGET 

Multiple Electron Scattering

The phenomena of many electron scatterings within a thick 
absorber are commonly referred to as multiple electron scattering; 
for example, with each scattering there is an energy loss and a 
change of direction for the electron- As a consequence of the 
multiple electron scattering the angular distribution of brems- 
6trahlung will be altered. This alteration is recognized in that 
the thin-target bremsstrahlung cross section.(eq. (5)) is a function 
of the angle between the electron direction and the direction of 
photon emission (detector direction) as shown in sketch 3 below.

P"

i=2

Electron Scattering center

Sketch 3.- Multiple electron scattering.
Therefore to include multiple electron scattering in the theoretical 
analysis the following array within each thin target must be predicted.

Ik



1-1 'i=n

a * n

A. - z

d n d n d n
akd/2

Sketch H.— Multiple scattering array.

In the array of sketch k i denotes the particular thin target
slab; Ê , the total electron energy in slab i; £a > the polar
angles of the electron relative to the incident electron direction;
0q, the angle between the electron velocity vector and the
detector; P , the probability of the electron's travelling in the

d2 ne direction, and is the cross-section for producing a

photon of energy k as a function of Ê , k, 0Q.

The probability, P£, of the electron's travelling in the € 
direction can be predicted by one of the many multiple scattering 
theories, the majority of which are based on the assumption that 
the scattering process is adequately described by ordinary diffusion. 
Goudsmit and Saunderson (ref. 8) have derived an expression of multiple

15



Rutherford scattering by using a Legendre series expansion and 
assuming a continuous slowing down of the electron in the absorber. 
Their results are considered valid for all scattering angles and 
can be used with any appropriate (convergent) single-scattering 
cross section, for example, Mott cross section.

The evaluation of the Goudsmit-Saunderson. theory is discussed 
in detail by Berger (ref. 5) who makes use of various procedures 
developed by Spencer (ref. 9) that facilitate the numerical evalu
ation of the angular multiple-scattering distribution function.
The expression developed by Berger for the intensity of electron 
scattering in the direction € is given by

nt
- / Gy (t *)dt * Pz (cos €) (6)

J o

where

it
Gz (t*) = 2nN j o(9, t) 1 - Pz (cos 9) sin 9d0, (6a)J o

N is the number of atoms per unit volume, t is the path length 
traversed by the electron, and o(9, t) is the single scattering 
cross section, whose dependence on the electron energy is expressed 
in the continuous slowing down approximation, through the path

00t—1
P£ = ) (l + 1/2) exp

16



length t. This expression (eq. (6)) is most applicable to a random 
walk procedure where the target is subdivided into equal electron 
energy path lengths.

Results of evaluating equation (6) are presented in table I - IV 
for aluminum and iron and electron energies of 0.5 and 1.0 MeV, 
respectively. A typical plot of multiple electron scattering is 
shown in figure 2 where the relative scattering probability is 
plotted as a function of the electron kinetic energy and angle of 
scattering.

Electron Backscatter Out of the Target 
When a stream of electrons is directed against a solid target 

most of the electrons penetrate into the target; however, some 
return out of the incident surface again. A few of these returning 
electrons may be the products of collisions and are classed as 
secondary electrons; they are generally slow, having an energy less 
than 50 eV. Most of the returning electrons, however, are members 
of the original beam which have penetrated to a greater or lesser 
extent into the target, suffered elastic or inelastic collisions 
or both, and return to escape the surface, thus causing a reduction 
in the incident beam intensity.

Several authors have made measurements to determine back- 
scattering for electrons within the energy range of interest.
One such plot of electron backscattering (ref. 10) is shown in 
figure 5 where the ratio of backscattered to incident electrons 
is plotted as a function of the target atomic number and the electron 
kinetic energy.
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Nonlinear Energy Loss of the Electron in the Target
The energy loss of electrons in a medium essentially occurs by 

two different mechanisms. The predominant mechanism of energy 
degradation at low energies is due to the inelastic collisions with* 
the bound electrons of the medium, while at higher energies radia
tive collisions with the electric fields of the nuclei and the 
electrons become more important. It is shown in reference 11 
that for lead the electron energy loss per unit path length of 
travel due to ionization is equal to that for radiative collisions 
at an approximate electron energy of 9 MeV, while for lower Z 
materials the equality occurs at much higher energies. Therefore, 
for the calculations presented herein it is assumed that the 
initial energy of the electron is sufficiently small so that the 
energy loss as a result of radiative collisions is negligible in 
comparison to the loss resulting from inelastic collisions.

The energy loss per cm path length (defined as stopping power) 
due to ionizing collisions of the electron (ref. 12) is

dE
dt 2m v o

(7)

18



where
E 2total electron energy, mQ c
N 3atomic density, atms/cm
Z atomic charge number
e electron charge, ^.80288 x 1 0 , esu
—,, 2I mean ionization potential, mQ c
0 = v/c
mo

-28electron mass, 9.IO85 x 10" , gm
V speed of incident electron, cm/sec
c speed of light, 2.997929 x 1010, cm/sec

As shown by equation (7), the energy loss per path increment 
is nonlinear with respect to the electron energy, for example, 
equal energy increments do not have corresponding path length 
increments and the electron loses energy at an increasing rate 
as it slows down. Results of evaluating equation (7) for aluminum 
and iron are shown in tables V and VI, respectively.

Correction for Electron-electron Bremsstrahlung 
When considering the passage of an electron through a medium, 

one must take into account the fact that the electron may also 
collide with the electrons of the atoms of which the medium is 
composed and produce bremsstrahlung. Very laborous calculations 
have been made (refer to page Ul8 of ref. 6) to determine the exact 
electron-electron bremsstrahlung cross sections. These calculations
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show that the final cross-section formula for electron-electron
bremsstrahlung varies only slightly (except for a factor of Z )
from the original electron-nucleus cross-section for bremsstrahlung
production, although the cross-section is probably slightly smaller.
This is reasonable since large momentum transfers to a single
electron are, though possible, rare and contribute little to the
total bremsstrahlung cross-section. The contribution to the
bremsstrahlung cross-section can thus be taken into account with

2a reasonable degree of accuracy by replacing the Z factor in 
the Bethe-Heitler formula (eq. (5)) by Z(Z + l).
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CHAPTER IV

THE BUILDUP AND ABSORPTION OF PHOTONS IN THE TARGET

When gamma rays traverse matter, they interact through separate 
"elementary" processes -which have the effect of attenuating the 
photons either by outright absorption or by degradation in energy 
and deflection. These predominant elementary processes are the 
photoelectric effect, Compton scattering and pair production.

In the photoelectric effect a photon disappears and an atomic 
electron leaves its atom, having absorbed the photon energy. This 
effect is predominant for low-energy gamma rays, especially in 
high Z materials.

In Compton scattering a photon is scattered inelastically and 
an atomic electron recoils out of an atom. This effect is predomi
nant for 1 to 5 MeV gamma rays in high Z materials.

For pair production a gamma ray of more than 1 MeV disappears, 
and its energy transfers to an electron-positron pair. This effect 
is predominant for high gamma ray energies, especially in high Z 
materials.

This interaction of gamma rays with matter exhibits an expo
nential law of attenuation. The number of photons traveling in the 
original incident direction after a distance of penetration t
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into the absorber is an exponentially decreasing function of the 
-Hmt

form e where \± represents the mass attenuation coefficientm
2(probability of a process per gm/cm ).

The interaction processes experienced by photons give rise to 
a variety of secondary radiations, such as Compton scattered photons, 
electrons ejected in the photoelectric process and pair-production 
electrons. The decay of the photoelectric and pair-production 
electrons results in secondary photons which influence the whole 
process of photon penetration. This effect of secondary photon 
generation in the absorber can be taken into account by the use of 
the so-called buildup factor which is defined to be the ratio of 
the total number of gamma rays at any one point to the number of 
primary gamma rays. An expression (ref. 13) for the buildup 
factor is given by

B(*V ̂  = A1 exP(~ai + A2 e*P(~a2 ̂ m ̂  ^

Here is the mass attenuation coefficient at the photon sourcem
energy k, and the constants Â , â , Â , and are coefficients
adjusted to fit experimentally determined data or theoretical data 
determined by Monte Carlo calculations.

Tables VII and VIII show the attenuation and buildup coeffi
cients A^, Ag, and for aluminum end iron, respectively.
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CHAPTER V

THE DERIVATION OF THE THICK TARGET EQUATION

It Is now possible to approximate the angular distribution 
of bremsstrahlung behind a thick target by the combination of 
the complex processes discussed in the preceding chapters.

Consider a unit monoenergetic electron flux of normal incidence 
on a thick target where the target has been subdivided into thin 
slabs or so -called thin targets as shown in sketch 5 below.

‘i=n1=1 I=n-*11=2

Incident electron
atat i=ni=n-li=2

Sketch 5*— Thick target subdivision.

Within each thin target the incident electron will be scattered 
in some direction defined by the two polar angles € and ty. A 
schematic representation of the scattering in any slab i is shown 
in sketch 6. Here € is the angle between the incident electron
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\

Scattered electron

Photon

Thin target

Incident electron

Sketch 6.- Schematic of electron scattering 
in a thin target
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velocity vector and the electron direction after the electron has
suffered the ith collision. Recall that the angle 8 is theo
angle between the scattered electron velocity vector and the 
emitted photon. Note that only photons traveling at an angle cp̂ 
with respect to the incident electron direction will reach the 
detector.

For a thick target which consists of many thin targets there 
will occur a scattering, typical of the scattering shown in sketch 6, 
in each thin target. Sketch 7 is representative of the multiple 
electron scattering that occurs in a thick target. Again as in

Incident electron

*t

Sketch 7*— Schematic of multiple electron scattering in a thick target.
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sketch 6, e and are the polar angles with € representing 
the angle between the incident electron direction and the electron 
velocity vector after the ith collision. Recall that the justi
fiable assumption is made that the lateral displacement of the 
electron within the target is very small compared with the distance 
between the target and detector and has negligible effect on the 
thick target spectrum. Thus the multiple scattering is considered 
to influence the spectrum only through changes in the electron 
direction with respect to the initially incident electron direction.

The path show in sketch 7 is certainly not unique. In 
other words, the path of the electron in the target is random; 
therefore, it is necessary to consider all directions of electron 
scattering in each slab relative to the initial electron direction. 
This is to say that within each slab all possible combinations of 
€ and i|r (see sketch 6) are to be considered along with the 
representative probability of the electron being scattered at each 
particular combination of angles.

Now consider for each thin target a cylindrical differential 
element of volume, dV, having a normal unit area and length At 
'slab thickness) relative to the initial electron direction. The 
photon energy release per electron in each thin target for a 
specified €&, ^  and cp̂ is

£  
dkdfig (Ei, k, eo)AtHj (9)
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where Nj is the number of atoms per cm per unit area. The photon 
energy release is dependent upon the angles €, ijr, and cp̂, where 
these angles are related by the equation

cos 0 = cos € cos cp, + sin e sin cp, cos \|ro a d a Yd 7 . (10)
Now the expression given by equation (9) is an unweighted function 
with respect to the electron direction> for example, the probability 
of the photon energy release must be multiplied by the representative 
probability (weighted function) of the electron being scattered at 
the specific values of e and ty. This scattering probabilityOCr /
is expressed in equation (6) which is. a function of the particular 
thin target, electron energy, and angle € ' as such

= Pe €a> (H)

Thus for one electron direction of € and ^ the probabilitya 7
of the generation of a photon of energy k that will reach the 
detector at an angle cp̂ is the product of the two probabilities

(Et, k, 0o)AtHz P6 (El, sa) (12)

J
For all angles of electron scattering within each slab, that is, 
for € varying from 0 to n and \|r from 0 to 2it, the sum 
of the radiative probabilities in slab i is
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dkdfif “ 2j
i o=o 7=0

&  <Ei’ k’ 0o)AtNZ Pe <Ei> *a> sin T It
(13)

an . ir , A . 2ltwhere = -jjp Ac = -g, and A* =

It is now necessary to sum these probabilities over the electron 
energy (or the corresponding thickness of the target necessary to 
bring the electron to rest). In theory it is possible to determine 
the differential path length of an electron within an absorber 
with the aid of equation (7)> which is the relation expressing 
electron energy loss per cm path length. The differential path 
length is expressed as

at = —  (ii+)
dE
dt

or
At = (15)

AE 
At

Now substituting the above equation (15) into equation (15) and 
summing over i slabs in terms of the electron energy

dkdfl
|thick target

(16)
n 2 N, art 7t 2jt E

i=l a=o 7=0 At
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where AE = E n  o

Now only electrons with energies greater than k can create photons 
of energy k, thus a lower limit is placed on the energy summation. 
Rewriting and regrouping equation (l6) and expressing the electron 
energy in terms of the total electron energy we have

f a\ dkdfi thick target
E 2it DO n p p I

n v P€ sin e d€ d\jrdE
, ̂  2 dE ^ ^ dkdftk+lra c -rr o dt

The additional processes of photon absorption and buildup, electron- 
electron bremsstrahlung and backscattering as previously discussed 
can now be included in equation (17),

dkdfl
* thick target . (18)

rEo ^ ^d p2jc pk. ,2
- N, Z(Z + 1)(1 - R) J  J  J  -  P€ sin ededtydE

k+l - ° Z

-u tx/cos 0,
where e is the photon absorption in the target; B,
the photon buildup; Z(Z + l), the approximate correction for 
electron-electron bremsstrahlung and (l - R) is the correction 
for electron backscattering out of the target. It is now conven
ient to define intensity as the photon energy k multiplied times
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the number of photons ( with energy k. Thus
[thick target

expressing equation (l8) in terms of intensity and replacing 

by Nq P A.

' thick target (19)
w E -+i tx/cos0, 2jt n p

Z(Z + 1)(1 - R) f  ° jSgg f  f —  Si-fi p Sin eded>|rdE
A . 4*1 i gf o 4> Z2 dkdfl 6

where the integration

p2rC p JTJ  J  P€ sin e dedty (20)

is normalized to one in each slab. Equation (19) now represents 
an expression for approximating the angular distribution of 
bremsstrahlung behind a thick target.
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CHAPTER VI

THEORETICAL RESULTS AND COMPARISONS WITH EXPERIMENTAL DATA

Because there exists a scarcity of experimental thick target 
data, a complete comparison between theory and experiment over a

■ ' J
wide range of electron energies and materials cannot be made. 
However, experimental data do exist for aluminum and iron thick 
targets (ref. lU) and, where applicable, comparisons are made 
between theory and experiment.

The comparisons of the theoretically predicted results 
(eq. (19)) with the experimental data for aluminum and iron thick 
targets and electron kinetic energies of 0-5 and 1.0 MeV are 
shown in tables IX-XXIV and figures b and 5 • Each table is repre
sentative of the thick target bremsstrahlung production for a 
specific material, electron kinetic energy, and detector angle.
Note that the number in brackets following each entry in tables IX- 
XXIV Indicates the power of 10 by which the entry should be 
multiplied.

The values presented in tables IX and XXII are plotted in 
figures U and 5 to show the general trend of comparison. Here 
the bremsstrahlung intensity is a function of the photon energy 
detector angle, electron kinetic energy, and material. The
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theoretical results (obtained from evaluating eq. (19)) are seen 
to compare favorably with the experimental data over most of the 
photon energy range. The discrepancy that exists between the 
theoretical and experimental data is expected, inasmuch as the 
Born approximation technique is used in the theoretical thick 
target model. The reason for this discrepancy is realized by 
comparing experimental thin target data (ref. 1*0 with the Bethe- 
Heitler theory. Figures 6 and 7 (ref. 1*0 show this comparison 
for aluminum thin targets, detector angles of 15° an<i 50°, and 
incident electron energies of 0.5 and 1.0 MeV, respectively. It 
is seen from figures 6 and 7 that the Bethe-Heitler theory in 
general overestimates the intensity at the low photon energies and, 
as was previously anticipated, underestimates the spectra at the 
high frequency limit (i.e., upper photon energy range). In that 
the thick target spectra are obtained by summing up the spectra 
for a series of thin targets the discrepancy between the theory 
and experiment for the thick target is obvious and expected. Thus, 
the theoretical thick target results are expected to overestimate 
the spectrum at the low photon energies and underestimate at the 
high frequency limit.

It is important to try to estimate the degree of improvement 
of the theory, present herein, over the usual simplified approach 
(straight through theory) of assuming that the electron suffers
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no multiple scattering. An equation describing straight through 
theory is

dkdfi
N Z2 „Eoo

hick target A I* k+1 k d2 n
Z2 dkda 1 dE 

p dt
dE (2 1 )

One result of evaluating equation (21) for a 0.5 MeV electron 
incident on aluminum and with a detector angle of 30° is shown 
in figure 8 along with the experimental data (ref. 1*0 and 
results as predicted by equation (19). From this particular 
case (see fig. 8), it is obvious that the inclusion of multiple 
electron scattering greatly improves the method for approximating 
the angular distribution of thick target bremsstrahlung.
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CHAPTER VII

FIRST APPROXIMATION CORRECTION TO THE THICK 
TARGET BREMSSTRAHLUNG SPECTRUM

The use of the Bethe-Heitler thin target cross-section in 
equation (19) introduces an unavoidable error in the thick target 
spectrum. The difficulty, as previously stated, with the thin 
target spectrum is that there is known to exist a discrepancy 
over part of the photon energy range when the theory is compared 
with experiment. This discrepancy was previously shown in fig
ures 6 and 7* Also for example, the Bethe-Heitler cross-section 
is known to underestimate the average radiative energy release 
by approximately 30 percent for a~single interaction of a 1.0 MeV 
electron in aluminum. This error increases with higher atomic 
numbers.

The present deficiency in the theoretical prediction of the 
thin target cross-section can be attributed almost entirely to 
the use of plane waves for the electron wave function in the matrix 
element as prescribed by the Bora approximation. To improve the 
theoretical estimates, the Born approximation should be replaced 
with a formulation which uses electron-coulomb wave functions.
Dr. C. D. Zerby (ref. NASA Contract NASw-906) is presently devel
oping the mathematical formulation of the electron bremsstrahlung
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cross-section for unpolarized incident particles using coulomb wave 
functions. The difficulty with the improved method, and the 
reason it has not been used extensively in the past, is that it 
does not yield a simple analytic formula, but requires extensive 
numerical procedures to obtain results. When Dr. Zerby*s calcula
tions are available it is presumed that the results can be tabled 
into the existing computer program replacing the Bethe-Heitler 
analytic formula.

9
Since no exact analytic expression exists for the thin target 

cross section, the next logical approach is to correct for the 
discrepancy in the Bethe-Heitler relation with a semiempirical or 
empirical correction. In the energy region of the electron rest 
mass energy (0.511 MeV) coulomb corrections (refer to ref. 7) to 
the Bethe-Heitler expression are not available in analytical form. 
Therefore, a correction must be approximated empirically from 
experimental results. The difficulty which arises is that empirical 
corrections cannot be determined in enough detail from the limited 
available experimental data to cover the entire electron energy. 
However, it is the belief of the author that a reasonably justifiable 
first approximation correction can be made to the thick target 
spectrum obtained by evaluating equation (19) and with the aid of 
thin target data presented in the same fona as shown in figures 6 
and 7- This correction is to be made by considering the two 
following important assumptions:
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(a) the major contributions to the region of the 
intensity spectrum which is in error the most (upper region in 
photon energy) results from electrons with energies near the 
incident electron energy, that is, electrons that have just 
entered the incident surface, and

(b) for electron energies approximately equal to the 
incident electron energy the electron direction is peaked in 
the forward direction.

As a result of making the above two assumptions it is 
possible to use existing thin target experimental data to correct 
the thick target spectrum for some specific cases. In more 
general terms the thick target spectrum (obtained from eq. (19)) 
is to be corrected for its discrepancy with experimental results 
by multiplying by a correction factor defined as £(k). This 
j-(k) factor is seen to be a function of the photon energy k 
and represents the number by which the Bethe-Heitler thin target 
cross-section must be multiplied so that it agrees with experimental 
data.

Having defined a first-approximation correction factor, the 
previous equation (19) can be written in the following way
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CHAPTER VIII

CONCLUDING REMARKS

The complication of multiple electron scattering within a 
thick absorber prohibits a rigorous analytical solution for the 
prediction of the angular distribution of bremsstrahlung from 
completely stopped electrons. Also for electron energies that 
are comparable to the electron rest-mass energy no empirical 
formula exists for predicting thick target bremsstrahlung. 
Therefore, an approximating formula has been presented for 
predicting the thick target spectrum which is differential both 
in photon energy and photon angle of emittance. This formula 
is derived from the integration of the contributions from suc
cessive elements of thin target spectra and integrating over 
an energy range sufficient to bring the initial electron to 
rest.

The use of the thin target Born approximation cross-section 
for deriving the thick target expression introduces an error 
that is presently unavoidable. The difficulty, as previously 
stated, with the thin target cross-section is that it is known 
to be in error over part of the spectrum when comparisons are 
made with experiment. This discrepancy between the theory and 
experimental data for thin target cross-sections result in the
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obvious error in the thick target spectrum. Thus it is apparent 
that an improved theoretical expression for thin target cross- 
section is needed, which would then improve the thick target 
results.

A first approximation correction to the thick target spectrum 
has been shown using experimental thin target data and considering 
the following assumptions:

(a) the major contribution to the region of the 
spectrum which is in error the most (upper region in photon 
energy) results from electrons with energies near the incident 
electron energy, and

(*>) for electron energies approximately equal to the 
incident electron energy the electron direction is peaked in 
the forward direction.

The comparisons between the results obtained from the theory 
derived herein and experimental data are favorable and thus it 
can be concluded that the approximating formula for the angular 
distribution of electron bremsstrahlung in thick targets is 
valid and is an improvement over the usual straight-through 
theory.
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INDEX OF SYMBOLS

Definition 
atomic weight of target material 
photon buildup coefficients

photon buildup factor
total energy of electron emergent from thin target

2i(i = 1, 2, .... n), in units of mQ c

total electron energy after scattering, in units of mQ

residual energy of scattering center after collision,
2in units of m c o

2initial total electron energy, in units of mQ c
2mean ionization potential, in units of mQ c

unit of energy, million electron volts 
atomic density, in units of atoms/cm 
Avogadro's number, in units of atoms/gm-mole

number of atoms per cm per unit area, in units 
3of atoms/cm

probability of electron being scattered at an angle e 

Legendre polynomial

ratio of back-scattered electrons to primary electrons



Symbols Definition
2T electron kinetic energy, in units of mQ c

Xt, Ŷ , coordinate axis of target

0 number of increments in the angle €
c speed of light, in units of cm/sec
dE/dt electron energy loss per cm path length, in units

2 2 / of m c -cm /gm

dft element of solid angle in k direction,
sin 9 d0 d$, in units of sr ° o /

d0Q element of photon angle referred to k, in units
of degrees

d4> element of polar angle referred to k, in units
of degrees

At increment in target thickness, in units of gm/cm
Ac increment of polar angle c of electron, in units

of degrees
Aty increment in polar angle of electron, in units

of degrees
/

AE, dE increment in total electron energy, in units of mQ c'

6 number of increments in the angle \Jr
e electron charge, in esu units
eV unit of energy, one electron volt
ĉ  polar angle of electron in thin target i, in units

of degrees

hi



Definition 
indexing integers

2vector energy of emitted photon, in units of mQ c 

unit of energy equal to 0*511 MeV units 

electron rest mass, in units of grams
2photon mass absorption coefficient, in units of gm/cm

number of thick, target subdivisions
momentum vector of electron after scattering, in
units m c o

electron momentum vector, in units of m co

polar angle of detector with respect to incident 
electron direction, in units of degrees 

3-1^17 radians or l8o°
polar angle of electron in thin target i, in units 
of degrees 

solid angle, in units of sr
electron spatial displacement vector, in units of gm/cm

- 1 3classical electron radius, 2.8178  ̂ 10 , in units
of cm

5density of target material, in units of gm/cm
line-of-sight distance in the target material
between the source point of the photon and the
point at which the photon exits the back surface

2of the thick target, in units of gm/cm



Symbols Definition
_ 2 t mean target thickness, in units of gm/cm
0q photon emission angle of k with respect to pQ

in units of degrees
v electron velocity vector after collision, in

units of cm/sec
vq electron velocity before collision, in units of

£ first approximation correction factor

>

cm/sec
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TABLE V

STOPPING POWER FOR ALUMINUM*

Atomic number(Z) = 13*00 • Atomic Weight(A) = 26.9815
Electron kinetic 

energy

MeV

Stopping power

MeV - cm^ 
gm

0.01 0.1688E 02
.02 .IOOUE 02
*03 .7 2̂5E 01
.ou .6015E 01
*05 .5127E 01
.06 .1+515E 01
.07 . 1+065 e 01
.08 •3721E 01
.09 •3^50E 01
.10 .3229E 01
.20 •2211E 01
• 30 .1873E 01
.ho .UlkE 01
• 30 .1627E 01
.60 .1576E 01
.70 .15^5E 01
.80 .1526E 01
• 90 .1515E 01

1.00 .1509E 01
2.00 .1538E 01
3.00 . .159UE 01
h.00 .16U3E 01
5.00 .1683E 01
6.00 .1721E 01
7.00 .1752E 01
8.00 .1779E 01
9.00 .l8o^E 01
10.00 .I826E 01

The number following the E in each tabulated entry indicates 
the power of 10 by which that entry should be multiplied.
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TABLE VI

STOPPING POWER FOR IRON

Atomic number(z) ~ 26.00 Atomic weight(A) = 55*8^7
Electron kinetic 

energy

MeV

Stopping power 
2MeV - cm 

gm
0.01 0.1*452E 02
.02 .8789E 01
.03 .65^6E 01
.Qb .5328E 01
.05 . 1+556e 01
.06 .U022E 01
.07 .3629E 01
.08 - .3327E 01
.09 .3089B 01
.10 .2895E 01
.20 .1996E 01
.30 .1697E 01.kO .1557E 01
•50 .ikQlE 01
.60 .1**37E 01
.70 .iklOE 01
.80 .1395E 01
.90 .1386E 01

1.00 .1381E 01
2.00 .1*i-16e 01
3.00 .lVflE 01
k. 00 .1519E 01
5.00 .1559E 01
6.00 .159^E 01
7-00 .1625E 01
8.00 .1651E 01
9.00 .1675E 01
10.00 .1697E 01
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TABLE IX

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum
TQ = 0.5 MeV

=* 0 degrees

k

MeV

k dkdn (eq- 19) 

MeV
k L n  (LTV r e f ‘ lU >

MeV
MeV-sr-electron MeV-sr-electron

0.05 1.947 ( - 5 ) 1.^50 (-3 )

.10 1.426  ( - 5 ) 1.297 (-3 )

.15 1.087 ( - 3 ) 1.001 (-3 )

.20 8.155  ( -4 ) 7.765 (-k)

.25 5.915  (-U) 6.3U8 (-If)

00 4.029 ( -4 ) k.Jk7 (-U)

•35 2.474 (-4 ) 5.160 (-*f)

• bO 1.257 ( -4 ) 2.286 (-U) .

A5 4.046 ( . 5 ) 1.056 (J f)



TABLE X

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum
T = 0.5 MeV o

=  15 d e g r e e s

k

MeV

* L a  *>
MeV

k S T O  (MV ref' 14)
MeV

MeV-sr-electron MeV-sr-electron

0.05 1.831 ( - 3 ) 1.502 (-5)
.10 1.337 ( -3 ) 1.1*37 (-3)
•15 1 .009 ( - 3 ) 1.080 ( - 5 )
.20 7.579 ( - * o 8.1*09 (-1*)
.25 5 . U 6 1 >  ( - t ) 6.553 (-1*)
•30 3.700 ( - U ) 5 .228 (-If)
•35 2 . 2 5 8  ( - 1 ) 5 . 8 1 6  (-1*)
.1*0 l . i t a  ( - u ) 2 .65I* (-1*)
.1*5 3.659 ( - 5 ) 1.509 (-1*)
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TABLE XI

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  A l u m i n u m
T * 0.5 MeV o

= 30 degrees

k

M e V

k  a d i ( e q - 19)

M e V
k  l a n  (LTV r e f - lk>

M e V
M e V - s r  - e l e c t r o n M e V - s r - e l e c t r o n

0.05 1.1*82 (-3 ) 1.252 (.5 )
.10 1 .081 (-3 ) 1 .1*0 (-5 )
.15 8 .125 ( - *0 8 . *10 ( - * )

.20 6 . o 6 l f  ( - I f ) 6 . *55 (-*)
• 2 5 U .336 (-b ) 5.150 (-*)
• 3° 2.913 ( - b ) 5.918 (-*)
• 3 5 1 .768 (-If) 2 .895 (-*)
• b o 8.92if (-5 ) 1 .969 (-*)
• b 5 2 .881f (-5 ) 1.170 (-*)
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TABLE XII

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  A l u m i n u m
T  =  0 . 5  M e V  o
®  =  60 d e g r e e s

k

M e V

k  dkd f i  êq’ 1 ^  

M e V
k akdfl <LTV ref- 

M e V
M e V - s r - e l e c t r o n M e V - s r - e l e c t r o n

0.05 7 .5I7 (-1) 7.691 (.it)
.10 • 5 .252 (-1) 6 .979 (.it)
.15 5.825 (-1) It. 866 (.It)
.20 2.719 (-1 ) 5 .5I 5 ( - > 0
.25 1 .880 (-1 ) 2.612 (-1)
•50 1 . 2 1 1  ( - 4 ) 1 .91*1 ( - * 0
•35 7.085 (-5) 1 . 5 1 5  (-*0
.Uo 5.181 (-5 ) 8 . 5 1 8  ( - 5 )

• ̂5 1.122 (-5 ) 5.961 (-5 )
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T A B L E  X I I I  

T H I C K  T A R G E T  B R E M S S T R A H L U N G  P R O D U C T I O N

M A T E R I A L :  A l u m i n u m
T  a  1 . 0  M e Vo
0 ^  =  0  d e g r e e s  d

k  ' 

M e V

k «) 
M e V

k L o ( u r v  r e f - 1U)

M e V
M e V - s r  - e l e c t r o n M e V - s r - e l e c t r o n

0 .1 0 6.010 (-3 ) u.986 (-3 )
.20 *•367 (-5) 3 .973 (-3)
•50 3 .189 (.3 ) 3 .280 (-3)
.1*0 2.255 (-5) 2.770 (-3 )
•50 1.5*7 (-3) 2.286 (-5 )
• 70 5-773 (-*) 1 .2*0 (-3)
•90 1 . 1 2 1  ( - * ) 3.7** (-*)
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TABLE XIV

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum
T = 1.0 MeV o

= 15 degrees

k

MeV

k  a k d n - t * * ’ 19)
MeV

k L 2 <“ *  r e f ' l k >

MeV
MeV-sr-electron MeV-sr-electron

0.10 5-772 ( - 5 ) 3.595 ( - 3 )

.20 U.15fc (-5 ) 2.861  ( - 3 )

• 30 3-001 ( - 3 ) 2.373  ( - 3 )

.Uo 2.086  ( - 3 ) 2.039 ( - 5 )

•50 1 . 1*08 ( - 3 ) 1.686  ( - 3 )

.70 5.096  (JO. 9.395 ( j * )

• 90 9.1*12 (-5 ) 1*.000 (J t)
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TABLE XV

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  A l u m i n u m
T  =  1 . 0  M e Vo
• d  =  2 0  d e g r e e s

k

M e V

*  M  « »
M e V

k  L i n  < L T V  r e f - 1 U >
M e V

M e V  - s  r  - e l e c t r o n M e V - s r - e l e c t r o n

0.10 5 .291 (-5 ) 3 .692 (-3 )
.20 3 .851 (-5) 2 .756 (-3 )
•30 2 .772 (-3 ) 2.30it (-3)
. U o 1 .911 (-5 ) 1 .920 (-3 )
.50 1 .282 (-3) 1.^99 (-3)
• 70 u.592 (-U) 7-970 (-U)
.90 8 .U26 (-5 ) 2.1M (-U)
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TABLE XVI

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  A l u m i n u m
T  =  1 . 0  M e V  o

=  3 0  d e g r e e s

k

M e V

k  d k d O  ( * « •  19 > 
M e V

k L "  r e f ‘ *>
M e V

M e V - s r - e l e c t r o n M e V - s r - e l e c t r o n

O v l O • u.517 (-3)’ 2.502 (-3)
.20 3.076 (-3) 1.899 (.3)
.30 • 2.188 (-3) 1.536 (-3)
.̂ 0 1.1*78 (-» 1.219 (-3)
.50 9.719 (-+) 9.329 (-•*)
*70 3-377 (-I*) k.650 (-k)

.90 6.150 (-5) 1.500 (-i*)
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TABLE XVH

THICK TARGET BREMSSTRaHLUNG PRODUCTION

MATERIAL: Aluminum
T  =  1 . 0  M e V  o

=  60 d e g r e e s

k

M e V

k  d k d i l  1 9 )  

M e V
k  im r e f - l U > .

M e V
M e V - s r - e l e c t r o n M e V - s r - e l e c t r o n

0 . 1 0 1.850 ( -3 ) 1 . 3 3 9  ( - 3 )
. 2 0 1 - 2 3 9  ( - 3 ) 9.1*61* (-1*)
. 3 0 8.028 ( - 4 ) 6 .801* ( - 1*)
. U o 4.829 ( -*0 5.296 ( - 4 )
. 5 0 2.806 ( - 4 ) 3.668 ( - 4 )
• 7 0 8 . 0 7 0  ( - 5 ) 1 . 4 1 0  ( - 4 )
• 9 0 1 - 3 5 8  ( - 5 ) 2 . 9 5 0  ( - 5 )
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TABLE XVIII

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  I r o n
T  =  0 . 5  M e V  o

=  0  d e g r e e s

k

MeV

k dkdO 19  ̂

MeV
k Sun (LTV ref- 114 >

MeV
MeV-sr-electron MeV-sr-electron

0 .05 3-705 ( - 3 ) 1CVi
00CVI•H

.10 2-676 ( - 3 ) 2 .190  ( - 3 )

.15 1-997 ( - 3 ) 1 .863  ( - 3 )

.20 1.478  ( - 3 ) 1 .507  ( - 3 )

.25 1-056  ( - 3 ) 1 .249  ( - 3 )

.30 7 .101  ( - 4 ) 1 .028  ( - 3 )

• 35 4.302  ( - 4 ) 7 .830  ( - 4 )

.to 2 .167  ( - 4 ) 6.088 ( - 4 )

•to 6 .976  ( - 5 ) 4 .296  ( - 4 )
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TABLE XIX

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: I r o n
T Q  =  0 . 5  M e V

=  1 5  d e g r e e s

k

M e V

k  d k d f l  ( e q - 1 9 )  
M e V

k  &  r e f ' l U > 
M e V

M e V - s r  - e l e c t r o n M e V - s r - e l e c t r o n

0 . 0 5 3.619 ( -3 ) l*.26l  (-1*)
. 1 0 2.606 ( -3 ) 1 . Q93 ( - 3 )
. 1 5 1 - 9 3 6  ( - 3 ) 1.592 ( - 3 )
. 2 0 1 .1*26 ( - 3 ) 1.269 ( .3 )
. 2 5 l . O l U  ( - 3 ) 1 . 0 1 * 0  ( - 3 )
O O 6 . 7 7 1  ( - 1*) 8.323 (.1*)
• 3 5 1 * . 0 7 7  (-1*) 6 .1*91* ( - 1*)
.1*0 2 . 0 3 9  ( - 1*) i * . 6 9 8  ( - 1*)
.1*5 6.526 ( . 5 ) 3 - 1 5 9  ( - M
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TABLE XX

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Iron
T = 0.5 MeV o

= 50 degrees

k

MeV

k  dkdfl (e q - 19) 

MeV

AZ „
k dkd£ (M V  r e f - lU )  

MeV
MeV-sr-electron MeV-sr-electron

0 . 0 5 3 .281  ( - 3 ) 8.680 (-b )

.10 2.353 ( -3 ) 1.557 ( - 3 )
•15 1.737 ( - 3 ) 1.320 ( - 3 )
.20 1 .269  ( - 3 ) 1 . 0 5 2  ( - 3 )
. 2 5 8.953 (-J*) 8 . 5 7 7  (-**)

• 5 0 5.925 ( - * 0 6 .717  ( - 1*)

0 5 3 .53^  (->*) 5 . 2 1 ) 2  ( - U )
.1*0 1.755 ( - * 0 3 .698  (-% )

.1*5 5.595 ( -5 ) 2 . 1 ) 2 3  (-1))
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TABLE XXI

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  I r o n
T  =  0 . 5  M e V  o

=  60 d e g r e e s

k

MeV

k k m  ^  19)
MeV

k turn ( L T V  r e f - lk)
MeV

MeV-sr -electron MeV-sr-electron

0 . 0 5 2 . 2 7 9  ( - 3 ) 6 . 9 9 7  (-1*)
.10 1.601 ( - 5 ) 9 . 9 5 2  (-1*)
. 1 5 1 . 1 1 * 3  ( - 3 ) 8.660 ( - 1*)
.20 8.010  ( - 1*) 6.781 ( - 1*)
. 2 5 5 .1*1*8 ( - 1*) 5 . 2 5 9  (-1*)
• 3 0 3 . 1 * 7 5  ( - 1*) 1*.008 ( - 1*)
. 3 5 2.001 ( - 1*) 2.820 ( - 1*)
.1*0 9 . 6 1 * 6  ( - 5 ) 1 . 8 9 5  (-1*)
.1*5 3 . 0 3 6  ( - 5 ) 1 .01*1* ( - 1*)
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TABLE XXH

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  I r o n
T  =  1 . 0  M e Vo

a* 0 d e g r e e s

k

M e V

k  d k d O  < e q - 1 9 )  
M e V

k  ( K r v  r e f - U )  

M e V
M e V - s r - e l e c t r o n M e V - s  r - e l e c t r o n

0.10 1.052 ( - 2 ) 7.318 ( - 3 )
.20 7.592 ( - 3 ) 6.195 ( - 5 )
• 3 0 5.651  ( - 3 ) 5.265 ( - 3 )
.1+0 >t.l58 ( - 3 ) f c - 5 2 0  ( - 3 )
. 3 0 2 . 9 ^ 9  ( - 3 ) 3 . 7 6 9  ( - 3 )
. 7 0 1.178 ( - 3 ) 2 . 1 7 9  ( - 3 )
. 9 0 1.867 ( - k) . 8.892 ( - U )
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TABLE XXIII

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  I r o n
T  =  1 . 0  M e Vo

=  20 d e g r e e s

k

M e V

k akdc 19) 
M e V

rf2 n
* 3kan ref- lU)

M e V
M e V - s r - e l e c t r o n M e V - s r - e l e c t r o n

0.10 1.004 (-2) 50*9 (-3)
.20 7-195 (-3) t.U20 (-5)
•30 5.296 (-3) 3.659 (-3)
.4o 3-845 (-3) 2.9**l (-3)
.50 2.681 (-3) 2.̂ 53 (-3)
.70 1.028 (-3) I.I108 (-5)
.90 I.562 (-4) 5.838 (JO
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TABLE XXIV

THICK TARGET BREMSSTRAHLUNG PRODUCTION

M A T E R I A L :  I r o n
T  =  1 . 0  M e Vo

=  3 0  d e g r e e s

k

M e V

k  a k a n . < e * '  1 9 )  
M e V

k L a "  r e f - lk)

M e V
M e V - s r - e l e c t r o n M e V - s r - e l e c t r o n

0 . 1 0 8.830 ( - 3 ) **•*►33 ( - 3 )
. 2 0 6.296  ( - 3 ) 3.589 ( - 3 )
• 3 0 t . 600 ( - 3 ) 2 . 9 ^ 3  ( - 3 )
.1*0 3.308 ( . 3 ) 2 .1f26 ( -3 )
• 5 0 2.277 ( - 3 ) 1.968 ( - 3 ) '
. 7 0 8.508 (.if) 1 . 2 1 7  ( - 3 )
. 9 0 1.278 (.if) 3.686 (-if)
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Figure I.— Dependence of thin target bremsstrahlung intensity spectrum 
on photon energy k and angle 0q for an electron
kinetic energy = 1,0 MeV,
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Straight through theory (eq. 21 )
Multiple scattering ( eq. 19 ) 
Experiment ( ref. 14 )
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Figure 8.— Comparison of straight through theory (eq. 21) with 
multiple scattering theory (eq. 19) and experiment 
(ref. lU) for an aluminum thick target, electron 
kinetic energy of 0.5 MeV and detector angle of 50°•
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Figure $?.— A plot of the g(k) factor for a 0-5 MeV electron incident 
on an aluminum target and a detector angle of 15°•
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